epitopes where fused to its C-terminus. The expression of this cassette was driven by the 182 same region previously used for the MtFPN2 prom ::gus fusions. Protein localization was 183 initially determined by confocal microscopy in which the epitopes were detected by an anti-184 HA monoclonal primary antibody and an Alexa594-conjugated (red) secondary antibody. 185
To facilitate visualization, the transformed plants were inoculated with a GFP-expressing 186
Sinorhizobium meliloti strain (green) and the sections stained with DAPI (blue) to visualize 187 DNA. Figure MtFPN2 driven by its own promoter and inoculated with a mCherry expressing S. meliloti. 195 Symbiosomes isolated from these nodules showed co-localization of rhizobia and MtFPN2-196 GFP (Supplemental Figure 2) . To further verify the symbiosome localization of HA, a gold-conjugated secondary antibody was used to determine the distribution of tagged proteins using transmission electron microscopy. As indicated by the confocal 199 microscopy assays, gold particles were associated to symbiosome membranes ( Figure 2D ). 200
The same approach showed gold particles concentrated in large intracellular membrane 201 systems, very likely the endoplasmic reticulum in endodermal and vascular parenchyma 202 cells ( Figure 2D ). To confirm that none of these observations were artifactual, controls for 203 autofluorescence of the tagged proteins and specificity of the antibodies were carried out 204 (Supplemental Figure 3) . 205
MtFPN2 is an iron efflux protein 206 8
To confirm that MtFPN2 was capable of transporting iron, we tested its ability to 207 restore the wild-type growth of a yeast mutant lacking the CCC1 protein. This transporter 208 introduces excess cytosolic iron into the vacuole to prevent toxicity (Li et al., 2001 ). Loss 209 of CCC1 function resulted in lower iron tolerance when the media was supplemented with 210 2.5 mM FeSO 4 . However, when this strain was transformed with a plasmid expressing the 211 coding sequence of MtFPN2, the sensitivity of the mutant strain to high iron was 212 diminished (Figure 3 ), suggesting that MtFPN2 was able to participate in its detoxification. 213
Addition of the HA-tag used for the immunolocalization studies did not affect MtFPN2 214 activity in yeast (Supplemental Figure 4) . 215
MtFPN2 is required for nitrogenase activity in nodules 216
Should MtFPN2 be responsible for iron delivery to the nodules, its mutation should 217 lead to a reduction of nitrogenase activity, as a consequence of an iron-limited cofactor 218 synthesis. To explore this possibility, the Tnt1 insertion mutant NF11374 (fpn2-1) was 219 MtFPN2 function led to severe growth reduction ( Figure 4B ). Nodule development was 226 also altered, with a large portion (64%) of the nodules having white colour ( Figure 4C, 4D) , 227 indicative of non-functionality. Closer observation of these nodules using either toluidine 228 blue-stained sections or tomographic reconstructions from X-ray analyses, showed that the 229 white fpn2-1 nodules did not develop the fixation zones further than a few cell layers 230 (Supplemental Figure 6) , and that even the fewer nodules with a pink-colour had a reduced 231 Zone III. In addition, the symbiosomes appeared disorganized in the cytosol of fpn2-1 232 nodule cells, with a number of vacuoles, in contrast to the ordered, radial and peripheral 233 distribution in the wild type plants. As expected by the plant and nodule phenotypes, 234 biomass production was significantly lower in fpn2-1 plants than in wild-type plants 235 sequence of MtFPN2 regulated by the 2,144 bp region upstream its start codon restored the 240 wild-type phenotype. However, fortifying the nutrient solution with additional iron did not 241 have the same effect (Supplemental Figure 7) . 242
Consistent with the phenotype arising from altered iron delivery to the nodules, 243
synchrotron-based micro-X-ray fluorescence studies of wild-type and fpn2-1 nodules 244
showed altered distribution of this element ( Figure 5A ). MtFPN2 mutation led to less iron 245 being allocated to the early fixation zones of the nodules, in those cases where the region 246 was marginally developed (pink fpn2-1 nodules). In the case of fully white nodules, no iron 247 distribution indicative of ordered symbiosomes (iron-rich ring-like structures) was 248 observed, consistent with no functional zone III being fully developed. This alteration in 249 iron distribution had an impact on iron speciation as determined by micro-X-ray Absorption 250
Near-Edge Spectroscopy (μXANES) on nodule sections. Different iron spectra were 251 obtained from wild-type and mutant nodules ( Figure 5B ). Principal component analyses of 252 the obtained spectra in the infection/differentiation zone, fixation zone and vascular region 253 showed great iron speciation variation between wild-type and white fpn2-1 nodules (Figure  254 5B). Interestingly, iron speciation in pink fpn2-1 nodules showed an intermediate state 255
midway from wild-type and white fpn2-1 nodules. Although the complex iron speciation in 256 nodules and the lack of a suitable number of spectra from many of these forms precludes a 257 detailed description of the precise chemical species present in these organs, it was 258 interesting to notice that the proportion of iron coordinated by sulfur (Fe-S clusters, 259 including the iron-molybdenum cofactor of nitrogenase) was different in wild type, pink 260 fpn2-1, and white fpn2-1 nodules (Supplemental Table 1) . 261
Considering the dual localization of MtFPN2 in the vasculature and in the 262 symbiosomes, the reported phenotypes could be due to either iron not being released from 263 the vessels and/or from it not getting across the symbiosome membrane. In an attempt to 264 separate both causes, MtFPN2 coding sequence was cloned under the MtMOT1.3 promoter, 265 a nodule-specific gene that we had previously located in the interzone and early fixation 266 zone (Tejada-Jiménez et al., 2017). Mutants fpn2-1 were transformed with this construct to 267 test whether expressing MtFPN2 only in the nodule cortex was sufficient to restore the 268 phenotype. As shown in Figure 6 , MOT1.3 prom driven expression of MtFPN2 resulted in a 269 partial improvement of plant growth ( Figure 6A ), with the development of functional pink 270 nodules in significantly higher numbers than fpn2-1 (Figures 6B and C) . Overall, these 271 plants showed improved biomass production compared to fpn2-1 (Figure 6D ), albeit not 272 enough to reach wild-type levels. The improved iron delivery to fpn2-1 led to significantly 273 higher nitrogen fixation rates per nodule ( Figure 6E ). In contrast, when MtFPN2 expression 274 was driven by the promoter of vascular gene MtNOOT1 (Magne et al., 2018), no significant 275 differences were observed in terms of biomass production, nodule development, or 276 nitrogenase activity with those that do not express it at all (Supplemental Figure 8) . iii) mismetallation of proteins due to iron being retained in different compartments. 343
Although attempts were made to fit the spectra obtained with different iron-complex 344 reference standards, the complexity and number of these species made it extremely difficult 345 to conclude anything other than a reduction of iron-sulfur species in nodules, which would 346 very likely include the iron-sulfur clusters of nitrogenase. This phenotype was stronger in 347 white non-functional nodules, but also present in those with wild type colour, a leaky 348 phenotype that was also observed with MtNramp1 mutants ( Yeast complementation assays were carried out using the S. cerevisiae strain ccc1 393 (MATa ade2-1 his3-11 leu2-3,112, trp1-1, ura3 -52 can1-100, ccc1::his3) and parental 394 DY150 (MATa ade2-1 his3-11 leu2-3,112, trp1-1, ura3-52 can1-100) . The strains were 395 grown in synthetic dextrose (SD) medium, supplemented with the required auxotrophic 396 nutrients, 2 % glucose as carbon source, and the iron concentration indicated in each 397 particular plate. 398
RNA Extraction and RT-qPCR 399
RNA was obtained from 28 dpi plants or equivalent age non-inoculated plants using 400
Tri-Reagent (Life Technologies), treated with DNase turbo (Life Technologies), and 401 cleaned with RNeasy Mini kit (Qiagen). Samples were tested for possible DNA 402 contamination by PCR using the RNA samples as templates and primers specific for M. 403 truncatula Ubiquitin carboxyl-terminal hydrolase (Medtr4g077320.1) (Supplemental Table  404 2). RNA integrity was confirmed by electrophoresis. cDNA was synthesized from 500 ng 405 of DNA-free RNA using PrimeScript RT reagent Kit (Takara), supplemented with RNase 406 out (Life Technologies). 407
Expression studies were carried out by real-time reverse transcription polymerase 408 chain reaction (RT-qPCR) using the StepOne plus thermocycler (Applied Biosystems), 409 using the Power SyBR Green master mix (Applied Biosystems). The primers used are 410 indicated in Supplemental (Schiestl and Gietz, 1989 ) and selected by uracil autotrophy. Complementation 423 assays were carried out in SD medium plates with the required auxotrophic nutrients. To 424 test tolerance to iron, the plates were supplemented with 2.5 mM FeSO 4 . 425
GUS Staining 426
MtFPN2 promoter region was obtained by amplifying the 2144 pb upstream of the 427 start codon using the primers Forward MtFPN2p-GW and Reverse MtFPN2p-GW 428 (Supplemental Table 2 
Immunolocalization studies 436
The coding sequence region of MtFPN2 and the promoter region used in the GUS 437 staining were fused by PCR using the primers indicated in Supplemental Table 2 PyMCA the incoming flux and XRF detector parameters were set to 2x10 9 photons/s, 511 0.7746 cm 2 active area, and 4.65 cm sample to XRF detector distance. Sample matrix was 512 assumed to be amorphous ice (11% H, 89% O, density 0.92 g/cm 3 ), the sample thickness 513 set at 25µm obtained with the use of a cryo-microtome. 514
Fe-K edge (7.050 to 7.165 keV energy range, 0.5 eV step) micro X-ray absorption 515 near edge spectroscopy (µXANES) spectra were recorded in regions of interest of the 516 fluorescence maps on ID21 beamline (ESRF, France). Individual spectra were processed 517 using Orange software with the Spectroscopy add-on (Demsar et al., 2013). The pre-518 processing step consisted of vector normalization and a second derivative Savitsky-Golay 519 filter to highlight potential differences among genotypes. Then a principal component 520 analysis combined to a linear discriminant analysis (when there were more than two 521 conditions to compare) was performed on the second derivative of the spectra to highlight 522 potential differences among genotypes. Average spectra from the regions was then fitted 523 using a linear combination routine 524 
525

Statistical tests
